
d 
i2 
3 
R 

NASA TT F-9406 
I 
I (THRUI 

(PAOESI 02'7 (CODE) 

(ACCESSION NUMBER) 

/ 

/\3 I 

(NASA CR OR TMX OR AD NUMBER) ICATkGORYI 

I 

ESTIMATE OF THE DECEASE OF THE s FIELD WITH ALTITUDE 

P. N. Mayaud 

I 

Translation of "Estimation de la Decroissance en 
Altitude du Champ S" 

Institut de Physique du Globe, 
Note No. 3, Paris, July 1964 

Hard copy (HC) 

Microfiche (MF) 

NATIONAL mRONAUTICS A_ND SPACE ADMINISTRATION 
WASHINGTON JULY 1965 



NASA TT F-9406 

ESTIMATE OF THE DECRFME OF TRE S FIELD WITH ALTITUDE 

P. N. Mayaud 

In t roduc t ion  

It can be i n t e r e s t i n g ,  w i th  a view t o  s a t e l l i t e  measurements, t o  fA* 
r 

1 at-t;empt to i e s t ima te  up t o  what a l t i t u d e  the  f i e l d  due t o  t h e  d i u r n a l  v a r i a t i o n  
---7 

S s t i l l  has an important in f luence .  \ 
- 

-i 

The only r igorous  procedure would, without  doubt,  be t o  s t a r t  w i th  da t a  

from a s p h e r i c a l  harmonic ana lys i s  of t h e  d a t a  from t h e  e a r t h .  

A r ecen t  a n a l y s i s  by P r i c e  and Wilkins ( r e f .  1) shows, however, t h a t  t he  

form of t h e  cu r ren t  systems i s  i n  f a c t  very complex and i s  r ap id ly  deformed i n  

the  course of t h e  day; t h e  r ep resen ta t ion  of a l t i t u d e  e f f e c t s  would t h e r e f o r e  

seem t o  be, a p r i o r i ,  extremely complex. 

It can be u s e f u l  t o  s ta r t  wi th  an extremely s impl i f i ed  scheme; i t s  

i n t e r e s t  w i l l  be i n  g iv ing  o rde r s  of magnitude. 

1. The Model 

I n  o rde r  t o  r es t ima te  t h e  a l t i t u d e  e f f e c t s  of t h e  f i e l d  S caused by t h e  
L 

\ 

d i u r n a l  var ia t ion, l ,we w i l l  s t a r t  with a plane model c o n s i s t i n g  of two l a y e r s  

of c i r c u l a r  cu r ren t s  ( f i g .  l), whose cen te r s  f a r e  loca ted  7000 km a p a r t .  
_, [. 

We 

w i l l  s t udy  i t s  e f f e c t s  i n  t h e  perpendicular  plane pass ing  through t h e  c e n t e r s ,  

a p l ane  which i s  the re fo re  r ep resen ta t ive  of t h e  e f f e c t s  of  t he  f i e l d  S i n  the  

v i c i n i t y  of t he  noon 

*Numbers given i n  t h e  margin i n d i c a t e  t h e  pagina t ion  i n  t h e  o r i g i n a l  f o r e i g n  
t e s t .  
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Figure 1. Model. 
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.- _ _  
W e  w i l l  a l s o  vary t h e  d e n s i t y  of cu r ren t s  i n  each l a y e r  according t o  a 
-\ 

p a r a b o l i c  l a w ,  from a value i = 1 t o  a value i = 0, between t h e  l i n e  EE repre-  

s en t ing  the  equator  t o  the  c e n t e r  f ; \ t h i s  l a w  i s  similar t o  t h a t  proposed i n  

r e fe rence  2, p. 232-3 f o r  a s impl i f ied  c a l c u l a t i o n  of t h e  c u r r e n t  of t h e  l a y e r s  

^5' 

S obta ined  by means of a s p h e r i c a l  harmonic a n a l y s i s .  

W e  w i l l  f i r s t  t r y  t o  e s t ima te  the approximations introduced by the  choice of 

such a model by studying the  r e l a t i v e  v a r i a t i o n  of t h e  f i e l d  w i t h  r e spec t  t o  an 

a l t i t u d e  of 100 km above the  p lane  as a func t ion  of d i f f e r e n t  parameters . l  

I I n  9 3 w e  will d i scuss  t h e  approximation made by t h e  choice of a p lane  model. 
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From t h e  p o i n t  of view of t h e  form and dimensions chosen t o  r ep resen t  /2 
t h e  e f f e c t  of cu r ren t  systems Sq around t h e  meridian,  it can be noted t h a t  such 

l a y e r s  whose c e n t e r s  f should be located nea r  & 3 5 O  l a t i t u d e ,  o r  n e a r l y  a t  t h e  

mean l a t i t u d e  of t h e  focus of  t h e  cu r ren t s  Sq, should have extended over  on ly  

TO0 of long i tude  r a t h e r  than 180~. 

t h e  layers formed by i n d e f i n i t e  r e c t i l i n e a r  c u r r e n t s ,  parallel  t o  t h e  l i n e  EE, 

and whose d i r e c t i o n  of t h e  cu r ren t  should be reversed beyond zk3500 km from t h e  

l i n e  EE. The same l a w  as f o r  c i r c u l a r  l a y e r s  i s  used f o r  t h e  v a r i a t i o n  of 

cu r ren t  d e n s i t y  . 

We w i l l  compare t h e i r  e f f e c t  t o  t h a t  of 

Figure 2 r ep resen t s  i n  one p a r t  t h e  decrease of  t h e  f i e l d  w i t h  a l t i t u d e  

( logari thmic a h c i s s a  s c a l e )  from an a l t i t u d e  of 100 km (where t h e  f i e l d  i s  

supposed t o  100 y)  along a v e r t i c a l  located a t  e ( f i g .  l), f o r  t h e s e  two models 

of c i r c u l a r  o r  r e c t i l i n e a r  c u r r e n t s  This  t h e r e f o r e  involves  a h o r i z o n t a l  

f i e l d ,  H. 

s 

The value of  t h e  f i e l d  a t  each a l t i t u d e  has been obtained here ,  as i n  a l l  

t h a t  fo l lows ,  by use of a planimeter  on the  curves represent ing t h e  f i e l d  

'The formulas giving t h e  expression for t h e  f i e l d  f o r  an element of i n d e f i n i t e  

r e c t i l i n e a r  cu r ren t  are w e l l  known, as w e l l  as f o r  a c i r c u l a r  s p i r a l  a t  a 

p o i n t  on i t s  axis. For t h e  c a l c u l a t i o n  of t h e  f i e l d  away from t h e  axis of  a 

c i r c u l a r  s p i r a l ,  w e  have used expressions given i n  r e fe rence  3. They con ta in  

e l l i p t i c a l  i n t e g r a l s ,  bu t  t h e i r  c a l c u l a t i o n  i s  simple enough. I n  c e r t a i n  

a s s o c i a t e d  c a l c u l a t i o n s ,  i n  p a r t i c u l a r  f o r  t h e  case of l a y e r s  of  i n d e f i n i t e  

r e c t i l i n e a r  c u r r e n t s  of  f i n i t e  width and constant  cu r ren t  d e n s i t y ,  we have 

used t h e  mathematical expression of t h e  i n t e g r a l ,  i n  t h e  same way as f o r  t h e  

f i e l d  of c i r c u l a r  l a y e r s  of constant c u r r e n t  d e n s i t y  on t h e  axis of symmetry. 
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A: r e c t i l i n e a r  layer 
B: c i r c u l a r  l a y e r  
C: band of 7000 km width 
D: band of 600 km width 
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i n t e n s i t y  due t o  elements of cu r ren t  of t h e  l a y e r  loca ted  a t  500 km by s t e p s  of 

500 km ( i n  the  case of very rap id  va r i a t ion ,  supplementary p o i n t s  were 

ca l cu la t ed )  . 
I n  the  o t h e r  p a r t  of f i g u r e  2, t he  curves of t h e  same q u a n t i t y  ( Z )  repre-  

s e n t  t he  decrease of t he  component perpendicular  t o  t h e  p lane  of t he  l a y e r s  

along the  v e r t i c a l  loca ted  a t  f.  I n  t h i s  pre l iminary  case, t h e  e f f e c t  of t h e  

l a y e r  8 has been neglected.  S 

Whether t h e  l a y e r  i s  c i r c u l a r  or l i n e a r ,  t h e  

a l t i t u d e  has t h e  same form e n t i r e l y .  This  i s  why 
r- 

lows, \ a model formed from two c i r c u l a r  
-. 

law of decrease wi th  /3 
we s h a l l  t ake ,  i n  what f o l -  

f a c t ,  a c i r c u l a r  l a y e r  i s  

undoubtedly c l o s e r  t o  the  r e a l  cu r ren t  system, which i s  r a t h e r  e l l i p t i c a l ,  

than  a l a y e r  of r e c t i l i n e a r  cu r ren t s .  

The approximation made by t h e  choice of a pa rabo l i c  l a w  of cu r ren t  d e n s i t y  

v a r i a t i o n  can be est imated by a comparison wi th  t h e  e f f e c t  of l a y e r s  of t h e  

same form wi th  constant  cu r ren t  dens i ty .  Thus, i n  f i g u r e  2, t h e  symbols (x) 

r ep resen t ,  f o r  H, t h e  decrease of t he  f i e l d  a t  e due t o  a r e c t i l i n e a r  cu r ren t  

w i th  cons tan t  d e n s i t y  ( t h e  d i r e c t i o n  of t h e  cu r ren t  being reversed beyond 3500 

km) and f o r  Z, t h a t  a t  f of t h e  f i e l d  due t o  a s i n g l e  c i r c u l a r  l a y e r  w i th  

cons t an t  c u r r e n t ’ d e n s i t y .  

than  when the  cu r ren t  d e n s i t y  v a r i e s  p a r a b o l i c a l l y ;  it i s  c l e a r l y  f a s t e r  i n  

t h e  second case.  I n  the  case of a r e c t i l i n e a r  l a y e r  of f i n i t e  width,  t h i s  

d i f f e r e n c e  i s  due t o  t h e  f a c t  t h a t  the e f f e c t  of d i s t a n t  cu r ren t  elements,  

which i s  weak a t  low a l t i t u d e s ,  i s  important a t  high a l t i t u d e s .  With a c i r cu -  

l a r  l a y e r ,  on t h e  o t h e r  hand, t he  f i e l d  i s  s t r o n g l y  increased a t  t h e  c e n t e r  of 

t h e  l a y e r ,  a t  low a l t i t u d e s  by s p i r a l s  of smal l  rad ius ,  bu t  t h e  e f f e c t  o f  t hese  

spirals decreases  r a p i d l y  wi th  a l t i t u d e .  

I n  the  f irst  case ,  t he  decrease i s  c l e a r l y  slower 
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The choice of t h e  pa rabo l i c  l a w  of cu r ren t  v a r i a t i o n ,  which,according t o  

re ference  2, i s  valuable  f o r  es t imat ing t h e  i n t e n s i t y  of r e a l  cu r ren t s  Sq, 

has the re fo re  a r e a l  importance and we w i l l  keep it i n  o u r  model. 

W e  can s t i l l  try t o  f i n d  out  what approximation i s  introduced by t ak ing  

a l a y e r  of zero th ickness .  To do t h i s ,  s t a r t i n g  wi th  t h e  i n t e g r a l  f o r  t h e  

value of t h e  f i e l d  on t h e  axis of symmetry of a c i r c u l a r  l a y e r  of r ad ius  

3500 km wi th  constant  cu r ren t  dens i ty ,  i t  should be p o s s i b l e  t o  g r a p h i c a l l y  

i n t e g r a t e  t h e  values  of t h e  f i e l d  of a l a y e r  of 50 km th i ckness  by assum- 

ing  a constant  cu r ren t  d e n s i t y  throughout t h e  th ickness .  

s tudy  t h e  curve of t h e  v a r i a t i o n  of the i n t e g r a l  of t he  f i e l d  value,  and t h e  

i n t e r v a l s  i n  which t h e  i n t e g r a t i o n  ought t o  be done, t he  curvature  i s  weak 

enough f o r  a very s u f f i c i e n t  approximation t o  be given by consider ing t h r e e  

i n f i n i t e l y  t h i n  l a y e r s  loca ted  a t  -25 km, 0 km and +25 km. The mean value of  

t he  f i e l d s  produced by each of t hese  t h r e e  l a y e r s  g ives  an approximation t h a t  

i s  very valuable  wi th  r e s p e c t  t o  a l a y e r  of 50 km th i ckness .  The r e s u l t  i s  

shown by the  symbols ( 0 )  on f i g u r e  2 (z); t h e  d i f f e r e n c e  wi th  r e spec t  t o  a 

s i n g l e  l a y e r  wi th  cons tan t  cu r ren t  i s  p r a c t i c a l l y  zero above 500 km; it s c a r c e l y  

reaches 1 or 2 percent  a t  400 and 200 km a l t i t u d e .  

t h e  approximation of an i n f i n i t e l y  t h i n  l a y e r  t o  be q u i t e  valuable .  

/4 
I n  f a c t ,  when we 

We can t h e r e f o r e  cons ider  

We know t h a t  t h e  f i e l d  c rea ted  by a l a y e r  of  r e c t i l i n e a r  cu r ren t  of 

i n f i n i t e  width i s  a h o r i z o n t a l  f i e l d  of cons tan t  i n t e n s i t y  as a f u n c t i o n  of 

a l t i t u d e  above the  l a y e r .  Therefore,  t h e  l a w  f o r  t h e  decrease of t h e  f i e l d  of 

c i r c u l a r  (or r e c t i l i n e a r )  l a y e r s  whose dimensions a r e  n e a r l y  the  same as f o r  a 

r e a l  system of cu r ren t s  Sq i s  profoundly d i f f e r e n t .  

t h e  value of t h e  f i e l d  between 10  and 1000 km a l t i t u d e  ( logar i thmic  a b c i s s a  

s c a l e )  a t  t h e  c e n t e r  of a l a y e r  of r e c t i l i n e a r  cu r ren t s  of 7000 km width wi th  

Figure 3, which r ep resen t s  

f 
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Figure 3 

cons t an t  cu r ren t  density, '  shows t h a t  t h e  approximation of  t h e  layer of r e c t i -  

l i n e a r  c u r r e n t s  of i n f i n i t e  width (constant f i e l d )  should be valuable between 

t h e  layer and an a l t i t u d e  of 100 km. 

By way of comparison, t h e r e  i s  a l s o  shown on f i g u r e  2 (H)  t h e  decrease 

w i t h  a l t i t u d e  of t h e  f i e l d  produced by an i n d e f i n i t e  r e c t i l i n e a r  cu r ren t  

(dashed curve) and those produced a t  t h e  c e n t e r  of bands of  600 km width (case 

From t h e r e  on, t h e  d i f f e rence  above 100 km between t h e  values  of t h e  f i e l d  of  1 

th is  layer and those  represented by t h e  symbols (x) o f  f i g u r e  2 ( H )  f o r  a r e d i -  

l i n e a r  layer where t h e  e f f e c t  of a reversed c u r r e n t  from 3500 t o  7000 km w a s  

included.  
7 



of an e l e c t r o j e t )  or 7000 km width.  Thus, it seems c l e a r  enough how by - / 5  

s t a r t i n g  wi th  an i n d e f i n i t e  r e c t i l i n e a r  c u r r e n t  and by inc reas ing  l i t t l e  by 

l i t t l e  t h e  width o f  t h e  band, t h e  l a w  of decrease i n v e r s e l y  p ropor t iona l  t o  t h e  

d i s t a n c e  from a r e c t i l i n e a r  cu r ren t  i s  l i t t l e  by l i t t l e  deformed, tending,  w i th  

a layer of i n f i n i t e  width,  toward a constant  f i e l d .  However, t h i s  p rope r ty  of 

a f i e l d  t h a t  i s  constant  w i th  a l t i t u d e  e x i s t s  only a t  a l t i t u d e s  t h a t  are very 

low wi th  r e spec t  t o  t h e  width of t h e  band. 

P r a c t i c a l l y  speaking, i f  we come back t o  o u r  c i r c u l a r  model w i t h  v a r i a b l e  

cu r ren t  d e n s i t y ,  w e  can roughly say t h a t ,  from 100 t o  7000 km a l t i t u d e ,  t h e  

f i e l d  decreases  i n  a p r a c t i c a l l y  l i n e a r  manner as a f u n c t i o n  of  a loga r i thmic  

a l t i t u d e  s c a l e ,  i n  t h e  p ropor t ion  10 t o  1. 

n e g l i g i b l e .  

Beyond 10,000 km it becomes 

These f irst  remarks a l r eady  give some i d e a  of t h e  probable l i m i t s  beyond 

which t h e  e f f e c t  of t h e  c u r r e n t s  Sq become n e g l i g i b l e .  I n  f a c t ,  t h e  decrease 

w i t h  a l t i t u d e  of  t h e  f i e l d  Sq i s  profoundly d i f f e r e n t  because it i s  necessary 

t o  consider  t h e  e f f e c t  no t  of a s i n g l e  c u r r e n t  l a y e r ,  b u t  t h e  e f f e c t s  of an 

e x t e r n a l  l a y e r  and an i n t e r n a l  layer, 

2 .  Decrease w i t h  A l t i t u d e  of t h e  F ie ld  Produced by Two P a r a l l e l  

Systems o f  C i r c u l a r  Layers 

W e  know t h a t  a t  t h e  su r face  o f  t h e  e a r t h  t h e  e f f e c t  of t h e  system of in -  

duced c u r r e n t s  i s  t o  inc rease  the  f i e l d  S of t h e  h o r i z o n t a l  component, b u t  t o  

diminish t h a t  of t h e  v e r t i c a l  component. This d i f f e r e n c e  i n  behavior between 

t h e  two components ex is t s  only i n  the space included between t h e  two systems 

( f i g .  4 ) .  

t h a t  of  t h e  inducing c u r r e n t .  

and, o u t s i d e  t h e  space included between t h e  two systems, f o r  t h e  component H. 

The gene ra l  e f f e c t  of an induced c u r r e n t  i s ,  i n  f a c t ,  t o  oppose 

This i s  so ,  i n  a l l  space f o r  t h e  component Z 

a 



Figure 4. 

But t he  geometry of t he  l i n e s  of fo rce  of c i r c u l a r  l a y e r s  i s  such t h a t  t h e  ' 

/6 component H changes s i g n  from one s ide  of t h e  l a y e r  t o  the  o t h e r .  From 

he re  on, t h i s  means t h a t  t h e  e f f e c t  on H of t h e  induced c u r r e n t s  i s  added t o  

those  of t h e  inducing cu r ren t s  i n  the  space included between the  two systems. 

A numerical example, drawn from t h e  gene ra l  r e s u l t s  t h a t  w i l l  be presented 

be1ow)will  i l l u s t r a t e  t he  importance of such an e f f e c t  for t h e  v a r i a t i o n  of t h e  

f i e l d  wi th  a l t i t u d e .  Le t  u s  assume t h a t  t he  induced system i s  a t  500 km depth  

i n  r e l a t i o n  t o  the  e a r t h ,  and the  inducing system 100 k m  above, and l e t  u s  

cons ider  a AZ equal  t o  100 gammas observed a t  f .  By s t a r t i n g  wi th  an induct ion  

r a t i o  of 40 pe rcen t ,  a gene ra l ly  accepted value, t h e  e f f e c t  a t  t h e  e a r t h  of  a 

s i n g l e  inducing system would be 166 gammas, t h a t  of t h e  induced system--66 

9 



gammas. A t  a p o i n t  A l oca t ed  100 km above t h e  inducing system, t h e  e f f e c t  due 

t o  t h i s  i s  again 166 gammas; t he  e f f e c t  o f  t he  o t h e r  system i s  no more than  -56 

gammas. The t o t a l  f i e l d  a t  A i s  the re fo re  equal  t o  110 gammas; it i s  g r e a t e r  

than  a t  f ,  and keeps t h e  same sign.  

On t h e  o t h e r  hand, a t  a po in t  such as e ,  t h e  corresponding va lues  of H 

would be, f o r  100 gammas observed a t  the e a r t h ,  71  gammas due t o  the  inducing 

system and t-29 gammas due t o  the  induced system. And, a t  a p o i n t  B 100 km 

above t h e  inducing system:-71 gammas due t o  t h e  inducing system, + 26 gammas 

due t o  t h e  induced system, f o r  an e f f e c t i v e  t o t a l  of -45 gammas. 

Consequently, when w e  pass  from t h e  e a r t h  a t  a p o i n t  image of t h e  o t h e r  

s i d e  of t h e  e x t e r n a l  system the  composition of t h e  e f f e c t s  of t h e  two systems 

i s  such t h a t  t h e  f i e l d  S i s  s l i g h t l y  increased along Z bu t  changes s ign  and 

i s  p r a c t i c a l l y  divided by a f a c t o r  2 i n  absolu te  value along H. 

It seems then t h a t  t h e  decrease w i t h  a l t i t u d e  of  t h e  f i e l d  S i s  profoundly 

modified by the  combined e f f e c t  of two systems wi th  respec t  t o  t h e  decrease  

due t o  a s i n g l e  system. 

Figure 5 enables  us t o  apprec ia te  t h i s  f a c t .  It i s  r e l a t i v e  t o  t h e  

modulus of t h e  t o t a l  component f, each s e c t i o n  of t h e  f i g u r e  corresponding t o  

d i f f e r e n t  values  of t h e  induct ion  r a t i o  between t h e  two systems. /7 
The cu r ren t  model used i s  t h a t  descr ibed i n 9 1  (see  f i g .  l), f o r  a 

p a r a b o l i c  l a w  of cu r ren t  d e n s i t y  va r i a t ion .  

along v e r t i c a l s  from the  p o i n t  e where F = H, along t h e  v e r t i c a l  of t h e  p o i n t  

f where ? # 2, and along v e r t i c a l s  of two in te rmedia te  p o i n t s  w i th  at&issas 

The f i e l d  has been ca l cu la t ed  
4 - t  

1200 km and 2200 km. 

I n  t h e  approximation of t he  plane model t h a t  we a r e  s tudying,  these  f o u r  

p o i n t s  a r e  roughly r ep resen ta t ive  of t h e  f i e l d  S a t  the  l a t i t u d e  of  t h e  equator ,  

a t  t h e  l a t i t u d e s  12' and 22' and a t  t h e  l a t i t u d e  of t h e  focus .  

10 
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Each of the  curves r ep resen t s  the v a r i a t i o n  of a t  an a l t i t u d e  given 

r e l a t i v e  t o  t h e  e a r t h  between these  l a t i t u d e s .  

I n  A, where the  induct ion  is  assumed t o  be zero,  and which consequently 

r ep resen t s  t h e  e f f e c t  of a single system, t h e  va lues  a t  t h e  e a r t h  (100 km be- 

low t h e  system) a r e  i d e n t i c a l  i n  absolute  value t o  those  a t  200 km a l t i t u d e  

r e l a t i v e  t o  t h e  e a r t h  (100 km above the system). 

v a r i a t i o n  of Fs 

c a l  t o  those of f i g u r e  2 f o r  t h e  equator  (F = H) and the  focus(F # Z) ;  t hey  

Curves represent ing  t h e  

a t  each p o i n t  as  a func t ion  of  t h e  a l t i t u d e  should be i d e n t i -  I+ I 
should be s l i g h t l y  d i f f e r e n t  f o r  t h e  two in te rmedia te  l a t i t u d e s .  

lZsl i s  the  g r e a t e s t ,  f o r  low a l t i t u d e s ,  a t  the  l a t i t u d e  of t he  focus .  

The value 100 gammas, taken a s  t h e  value on t h e  e a r t h  a t  the  equator ,  has  been 

chosen because it i s  a convenient re ference  f o r  eva lua t ing  the  decrease;  it 

rep resen t s  t h e  mean observed vaiue of H, a t  t r o p i c a l  s t a t i o n s ,  a t  t he  time of 

t he  l as t  maximum of s o l a r  a c t i v i t y .  

I n  B ,  C and D d i f f e r e n t  va lues  of t he  induct ion  r a t i o  have been s e l e c t e d  

(40 pe rcen t ,  50 percen t ,  30 percen t )  t o  show t h e  importance of t h i s  f a c t o r  

r e l a t i v e  t o  the  decrease wi th  a l t i t u d e .  A v a r i a t i o n  of  t h e  depth chosen f o r  

/8 t he  induced system (500 km, o r  600 km between the  two systems) should 

modify the  r e s u l t s  very l i t t l e .  

The comparison of t h e  curves of B and A (an induc t ion  r a t i o  of 40 pe rcen t  

i s  g e n e r a l l y  accepted for r e a l  Sq systems) i s  s i g n i f i c a n t .  

F i r s t  of a l l ,  a t  t h e  e a r t h  t h e  v a r i a t i o n  of i s  completely modified.  

While t h e  r a t i o  of t h e  va lues  of 

1.47 i n  A, it becomes 0.63 wi th  t h e  induct ion  e f f e c t .  

F, a t  t h e  focus and a t  the  equator  i s  about I_ I 
For s e v e r a l  months 

dur ing  the  summer of 1958 t he  r a t i o  of t h e  amplitudes of t h e  d i u r n a l  v a r i a t i o n  



of Z a t  Toledo (focus)  and of  HatM'Bour (# equator)  w a s  0.55.  The approxima- 

t i o n  obtained by ou r  plane model i s  the re fo re  q u i t e  good. 

A t  a l t i t u d e s ,  t h e  curves analogous t o  those of f i g u r e  2 (which corresponded 

t o  a zero induct ion)  should have a completely d i f f e r e n t  form; f i g u r e  6 w i l l  

permit  a comparison. The values of t h e  ind ica t ed  a b s c i s s a s r e p r e s e n t  a l t i t u d e s  

above t h e  e a r t h ,  and no longer  a l t i t u d e s  above t h e  layer; t o  t h e  l e f t  are 

shown t h e  observed values a t  the  e a r t h  f o r  reference.  

So it seems t h a t  t h e  decrease with a l t i t u d e  of t h e  f i e l d  caused by two 

p lane  layers of c i r c u l a r  c u r r e n t s  i s  almost e n t i r e l y  determined by the  induc- 

t i o n  f a c t o r .  It i s  c e r t a i n l y  t h e  predominant c h a r a c t e r i s t i c .  

A double ques t ion  should then be posed: t o  what degree i s  t h e  plane 

model r ep resen ta t ive  of t h e  rea l  phenomenon, which i s  composed of c u r r e n t  sys- 

tems c i r c u l a t i n g  i n  a shee t  of hemispherical  form? On t h e  o t h e r  hand, s a t e l -  

l i t e  measurements of  t h e  modulus of  Fe do not  reach t h e  q u a n t i t y  

been s tud ied  i n  t h i s  paragraph, bu t  only a q u a n t i t y  such t h a t  

where ?o r ep resen t s  t h e  value of t h e  f i e l d  i n  t h e  absence of t h e  f i e l d  S. 

t h e  geometry of t h e  l i n e s  of  f o r c e  of t h e  f i e l d  Fo i s  d i f f e r e n t  from t h a t  

of t h e  f i e l d  Fs, and t h i s  f a c t  introduces another  f a c t o r  t h a t  can modify t h e  

preceding results. 

But 
+ 

/9 
+ 

3. Approximation o f  t h e  Plane Model 

Our o b j e c t i v e  i s  l i m i t e d  t o  es t imat ing t h e  decrease w i t h  a l t i t u d e  of t h e  

f i e l d  S, i n  the  v i c i n i t y  of t h e  meridian, t h a t  i s ,  i n  t h e  v e r t i c a l  plane con- 

t a i n i n g  one of t h e  axes of symmetry (axis f f )  of t h e  model of  f i g u r e  1. 

14 



Figure 6. Var i a t ion  w i t h  a l t i t u d e  of f o r  an induct ion 

r a t i o  of  40 pe rcen t .  

If we impose a curvature  on the  plane model i n  t h e  d i r e c t i o n  of t h e  l i n e  

EE ( l e t  it s t i l l  be i n  t h e  d i r e c t i o n  of  t h e  l o n g i t u d e s ) ,  t h e  v e r t i c a l  plane 

pass ing  through ff remains a p l ane  of symmetry of t h e  model and t h e  d i r e c t i o n  

of t h e  f i e l d  i s  no t  changed. But the tubes  of fo rce ,  on t h e  ou t s ide  o f  t h e  

curvature  imposed on t h e  model, are d i s t r i b u t e d  over  a l a r g e r  space; t h e  in t en -  

s i t y  i s  t h e r e f o r e  decreased by a f a c t o r  i n v e r s e l y  p ropor t iona l  t o  t h e  i n c r e a s e  

i n  volume. 
15 



When we  now impose a curvature  on the model i n  t h e  d i r e c t i o n  of t h e  l a t i -  

tudes ,  reasoning similar t o  t h a t  applied above can be used from t h e  f i r s t  f o r  

t h e  v e r t i c a l  l oca t ed  a t  e i n  t h e  meridian plane.  The d i r e c t i o n  of  t h e  f i e l d  

i s  no t  changed here ,  b u t  t h e  tubes of f o r c e  are d i s t r i b u t e d  i n  the  elements of 

a volume which inc rease  w i t h  a l t i t u d e  l i k e  t h e  elements of volume included be- 

tween two spheres of r a d i u s  r and r + d r  on t h e  i n s i d e  of a s o l i d  angle w. 

Such volume elements are p ropor t iona l  t o  3 w r  d r y  and t h e  i n c r e a s e  of  volume 2 

of these elements between a sphere of r ad ius  r and a sphere o f  r ad ius  r i s  

i t se l f  p ropor t iona l  t o  r2/ro2. 

0 

Consequently, we can estimate t h a t ,  on t h e  

v e r t i c a l  a t  e ,  a f a c t o r  such as Av = ro2/(ro + h )  2 (ro, r a d i u s  of t he  e a r t h ;  

h ,  a l t i t u d e )  should g i v e  a rough idea  of t h e  approximation introduced by t h e  

use of  a plane system f o r  e s t ima t ing  the  i n t e n s i t y  of t h e  f i e l d  w i t h  a l t i t u d e .  

A t  p o i n t s  o t h e r  than e t h e  approximation introduced by t h e  plane model i s  

more d i f f i c u l t  t o  estimate. 

/10 A t  low a l t i t u d e s ,  t h e  e f f e c t  of  nearby c u r r e n t  elements i s  un- 

doubtedly predominant, and consequently t h e  p l ane  model remains r e p r e s e n t a t i v e .  

But a t  high a l t i t u d e s  t h e  e f f e c t  due t o  t h e  layers Cs tends t o  become important 

and i s  compounded w i t h  t h e  e f f e c t  of t he  l a y e r s  CN i n  a d i r e c t i o n  which i s  

modified by t h e  cu rva tu re  imposed on t h e  model. W e  can try t o  apprec i a t e  t h e  

importance of t h i s  e f f e c t  by comparing, as a f u n c t i o n  of a l t i t u d e  t h e  respec- 

t i v e  magnitudes of t h e  v e c t o r s  Fs due t o  each of t h e  systems CN and Cs. 
--* 

Figure 7 r ep resen t s  t h e  e f f e c t s ,  f o r  v e r t i c a l s  l o c a t e d  a t  p o i n t s  1200 and 

2200 km from t h e  l i n e  f f  of  f i g u r e  1, t h e  r e s p e c t i v e  e f f e c t s  of t h e  systems CN 

(vec to r s  i n  s o l i d  l i n e s )  and Cs (vectors  i n  dashed l i n e s )  i n  t h e  case of zero 

induc t ion  and a p l ane  model. We can conclude t h a t  t he  e f f e c t  of t h e  system Cs 

16 
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i s  p r a c t i c a l l y  n e g l i g i b l e  on t h e  v e r t i c a l  a t  2200 km (and t h e r e f o r e  a f o r t i o r i  

on t h e  v e r t i c a l  of  t h e  focus ) .  

This i s  no t  so  on t h e  v e r t i c a l  a t  1200 km. However, a maximum i s  t h e  

o r d e r  of  magnitude of t h e  change caused by a curvature  imposed on t h e  p l ane  

model can be est imated by assuming, f o r  example, t h a t  t h e  normals t o  t h e  

systems $ and C S 

l e n t  t o  the  p o i n t s  f of f i g u r e  1). 

TO0 i n  a clockwise d i r e c t i o n .  

form an angle of 70' ( the  d i f f e r e n c e  between l a t i t u d e s  equiva- 

We should then  r o t a t e  t h e  vec to r s  Cs by 

I n  f a c t ,  such an e f f e c t  i s  i n  part  compensated 

s i n c e  t h e  p o i n t s  of t h e  v e r t i c a l  a t  1200 km are s u f f i c i e n t l y  ou t  of c e n t e r  i n  

t h e  system CN for t h e  e f f e c t  t o  which they  are most s e n s i t i v e ;  and t h e  curva- 

t u r e  i n  t h e  opposi te  d i r e c t i o n  of t h e  system CN t o  t h e  n o r t h  of  t h i s  v e r t i c a l  

c e r t a i n l y  produces a more important e f f e c t  i n  t h e  opposi te  d i r e c t i o n .  
-t 

F i n a l l y ,  we  can consider  t h a t  t he  vec to r s  Fs obtained i n  t h e  preceding 

paragraph, s t a r t i n g  w i t h  a plane model, are s t i l l  r e p r e s e n t a t i v e  when we impose 

on t h i s  model a curvature  i n  t h e  d i r e c t i o n  of  t h e  l a t i t u d e s  and as w e  b r ing  

t h e  d i r e c t i o n  of  t h e s e  vec to r s  t o  t h e  new d i r e c t i o n  of t h e  v e r t i c a l .  On the  

o t h e r  hand, from t h e  p o i n t  of view of t h e  i n t e n s i t y ,  f a c t o r s  such as Av should 

/11 have a similar s i g n i f i c a n c e .  

4 -t 4. Estimate of AF = IFo + Fs 
-3 

Taking as a model of  t h e  f i e l d  Fo t h e  f i e l d  of t h e  d i p o l e  on a geographical 

meridian where t h e  geomagnetic d e c l i n a t i o n  i s  zero, w e  have ca l cu la t ed  t h e  

a l g e b r a i c  values of  AF f o r  t h e  case of a n  induc t ion  r a t i o  of  40 pe rcen t  w i th  

t h e  same base of  100 gammas observed on the  e a r t h  a t  the  equator  and by assuming 

t h e  layers CN and Cs t o  be 

Figure 8 shows t h e  r e s u l t s  

symmetrical w i t h  r e s p e c t  t o  t h e  geomagnetic equator .  

obtained f o r  each a l t i t u d e  as a f u n c t i o n  of  t h e  

18 



4F1 : + *  , C+ ,C 

( 40 %induction ) 

I 

Figure 8. 

p o s i t i o n  of t he  v e r t i c a l s  i n  t h e  system of c u r r e n t s .  Fac tors  Av are ind ica t ed  

f o r  each a l t i t u d e .  

es t imated i n  t h e  preceding paragraph. The o r d i n a t e s  of each curve should be 

roughly mul t ip l i ed  by these  f a c t o r s  t o  t ake  account of them. 

They g ive  an order  of magnitude of t h e  volume e f f e c t  

The AF progress  nega t ive ly  toward t h e  top  i n  order  t o  make comparison wi th  

f i g u r e  5B e a s i e r ;  they a r e  not  very d i f f e r e n t  from lGsl .  The l a t i t u d e  region 

included between the  equator  and t h e  focus should then  c l e a r l y  become t h a t  

which makes most s u s c e p t i b l e  t h e  observat ion of t h e  AI? a t  t h e  g r e a t e s t  a l t i -  

tudes .  A l a t i t u d e  displacement of the  o r d e r  of 10' of t h e  systems Cs and Cs 

wi th  r e s p e c t  t o  the  geomagnetic equator should in t roduce  a v a r i a t i o n  of AF of 



t h e  o r d e r  of f10 gammas a t  an a l t i t u d e  of  200 km. Beyond t h e  focus,  toward 

h ighe r  l a t i t u d e s ,  w e  can see t h a t ,  s ince t h e  % become p o s i t i v e  wi th  a l t i t u d e  

t h e  AF w i l l  continue t o  decrease.  

5 .  E f f e c t  of t h e  E l e c t r o j e t  

We have t r i e d  t o  estimate t h e  e f f e c t  due t o  t h e  e q u a t o r i a l  e l e c t r o j e t  by 

c a l c u l a t i n g  the e f f e c t s  w i t h  a l t i t u d e  of a band of  constant  cu r ren t  of  600 km 

width loca ted  100 km above t h e  e a r t h  and of ano the r  band of  t h e  same width 

/ located 

a t  a depth of 500 km, t h e  induct ion r a t i o  being 40 pe rcen t .  The p r i n c i p a l  

fE approximation thus introduced i s  t h a t  of a cons t an t  c u r r e n t .  

I n  

reference 4, Forbush and Casaverde have shown t h a t  it holds  good, On t h e  o t h e r  

hand, t h e  real  width of  t h e  e l e c t r o j e t  v a r i e s  without  doubt from 660 km (Peru) 

t o  450 km (Af r i ca ) .  

Figure 9 (similar t o  f i g u r e  5 f o r  t h e  case of an induc t ion  r a t i o  of  40 

p e r c e n t )  shows t h e  v a r i a t i o n  on t h e  e a r t h  and w i t h  a l t i t u d e  of t h e  modulus of  

F.  caused by such a band, as  a func t ion  of  l a t i t u d e .  
J 

on t h e  e a r t h  a t  t h e  equa to r  has t h e  same s i g n i f i c a n c e  as t h a t  taken f o r  t h e  

f i e l d  FS. 

-t 

The base of 100 gammas 

+ 
It rep resen t s  t h e  value observed a t  t h e  time of t h e  l a s t  maximum of  

s o l a r  a c t i v i t y ;  and s i n c e  t h e  mean ampl i f i ca t ion  of  Sq by t h e  e l e c t r o j e t  i s  

about 2, w e  w i l l  be a b l e  t o  d i r e c t l y  compare and add t h e  values  5 t o  t h e  va lues  
j 

+ 

FS * 

Compared t o  p a r t  B of f i g u r e  5 ,  w e  see t h a t  t h e  e f f e c t  of t h e  e l e c t r o j e t  

dec reases  nore r a p i d l y  w i t h  a l t i t u d e  than t h a t  of t h e  f i e l d  S. It i s  s t i l l  

important i n  a band about 1000 km or both s i d e s  of  t h e  equator .  

20 



Figure 9. Values of t h e  Modulus of ?. 

Figure 10 i s  s imilar  t o  f i g u r e  8. It rep resen t s  

going nega t ive ly  toward the  top .  The dashed p a r t s  of t h e  curve r ep resen t  t he  

AF due t o  Fs alone.  

A t  low a l t i t u d e s  AF thus appe'ars t o  be decreased by t h e  e f f e c t  of t h e  

e l e c t r o j e t  i n  a band of intermediate l a t i t u d e s .  This i s  due t o  t h e  f a c t  t h a t ,  

by d e v i a t i n g  from t h e  e l e c t r o j e t ,  the i n t e r n a l  band becomes r a p i d l y  prepond- 

e r a n t  f o r  t h e  h o r i z o n t a l  component with r e s p e c t  t o  t h e  e x t e r n a l  band because 

i t s  d i s t a n c e  t o  t h e  considered a l t i t u d e s  i s  g r e a t e r  ( t h i s  c h a r a c t e r i s t i c  does 
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not  appear i n  f i g u r e  3, r e l a t i v e  t o  F . ) .  

and oppos i te  t o  the  A%. 

The AH. t h e r e f o r e  becomes p o s i t i v e  
J J 

The e f f e c t  r ap id ly  d isappears  w i th  a l t i t u d e .  

W e  can say  roughly t h a t  the  e f f e c t  of t h e  e l e c t r o j e t  i s  important ,  i n  AF, 

On t h e  equator ,  it doubles on a band of 1000 km on both s i d e s  of t he  equator .  

t he  AF a t  200 km a l t i t u d e ;  it increases  i t  by a t h i r d  a t  500 km; a t  2000 km it 

i s  n e g l i g i b l e  r e l a t i v e  t o  t h e  f i e l d  S. /13 

6. Conclusion 
-t 

Measurements a t  a l t i t u d e  made on t h e  modulus of F alone enable  us  t o  con- 

s i d e r  a l l  t r a n s i e n t  v a r i a t i o n  of  t h e  f i e l d ,  i n  a d i r e c t i o n  perpendicular  t o  

.the mean f i e l d  Fo t o  be neg l ig ib l e :  f o r  a f i e l d  Fo = 30,000 gammas, a perpen- 

d i c u l a r  v a r i a t i o n  equal  t o  250 gammas should produce a AF of on ly  one gamma. 

The e f f e c t s  observed a t  t he  e a r t h  on the  component D a r e  t h e r e f o r e  p r a c t i c a l l y  

n e g l i g i b l e ,  a t  a l t i t u d e  i n  a measurement of F. This  i s  t h e  reason t h a t  we 

l i m i t  ourse lves  t o  an e s t ima te  of the  e f f e c t  of t h e  f i e l d s  

+ 

and ;f uniquely i n  

t h e  p lane  of symmetry of t h e  systems C 

corresponding t o  a meridian plane i n  t h e  v i c i n i t y  of t h e  noon meridian.  

and C perpendicular  t o  t h e  equator ,  N S 

J u s t  a s  elsewhere,  t h e  d i u r n a l  i n t e n s i t y  v a r i a t i o n  very r a p i d l y  culminates 

around noon (it i s  reduced by nea r ly  one ha l f  on H o r  Z,  t h r e e  hours before  o r  

a f t e r  i t s  maximum), we can consider  t h a t  curves such as those of f i g u r e  10  

r ep resen t  an order  of magnitude of the maximum of the  AF caused by the  f i e l d s  

S and 5. 
of f i g u r e  8 g ive  an o rde r  of magnitude and on t h e  o t h e r  hand t h e  f a c t  t h a t  t he  

base 100 gammas t h a t  w a s  chosen as a re ference  corresponds t o  the  maximum e f f e c t  

+ A 0-k OUe &W,,d, I k v A t M  "ty"@f & fi 
Two o t h e r  f a c t o r s  s t i l l  reduce t h e  importance of t h i s  e f f e c t : &  Av'  qwt& 

observed a t  t h e  time of t h e  l a s t  s o l a r  cyc le .  

Can we imagine t r e a t i n g  the  e f f e c t s  due t o  t h e  f i e l d s  3 and 3 a s  background 

noise? 
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Figure 11. 

Figure 11 represen t s ,  f o r  t h e  f i e l d  S alone, t h e  a lgeb ra i c  F ( p o s i t i v e  

toward t h e  base)  a t  t he  e a r t h  and a t  an a l t i t u d e  of 200 km as a f u n c t i o n  of 

t h e  l a t i t u d e .  A t  t h e  e a r t h ,  t h e  g rad ien t  of t h e  v a r i a t i o n  i s  important (+lo0 

y a t  -50 y); a t  a l t i t u d e  it i s  weak (1/20 y ) .  

of t h e  focus,  t h e  two curves should diverge anew:' 

A t  l a t i t u d e s  h ighe r  than t h a t  

t h e  AF a t  t he  e a r t h  /14 
I I n  f a c t ,  a t  a l t i t u d e ,  t h e  AH become p o s i t i v e  while  t h e  AZ s tay negat ive;  t h e  

S 

r e s u l t a n t  d i r e c t i o n  of gs t h e r e f o r e  makes a g r e a t e r  angle  w i t h  t h a t  o f  t h e  
+ 

v e c t o r  Fo than  the d i r e c t i o n  of 3 
and AZs remains negative., 

a t  t h e  e a r t h  (where AHs becomes negat ive,  
S 
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f i rs t  becomes g r e a t e r  i n  abso lu t e  value before  tending t o  zero; AF a t  a l t i t u d e  

continues t o  decrease i n  abso lu t e  value. Moreover, t hey  tend toward zero more 

r a p i d l y  than Fs s i n c e  t h e  angle between $o and ? -t 

tends toward ~ / 2 .  
S 

Thus, t h e  s i t u a t i o n  seems i n f i n i t e l y  more favorable  a t  a l t i t u d e  than  a t  

On one hand, t h e  background no i se  produced a t  a l t i t u d e  by AF has t h e  e a r t h .  

an amplitude t h a t  i s  p r a c t i c a l l y  h a l f  t h a t  which e x i s t s  a t  t he  e a r t h .  On t h e  

o t h e r  hand, and most important,  from t h e  a b s t r a c t i o n  made of t h e  e f f e c t  of t he  

f i e l d  J (which causes a r ap id  g rad ien t  a t  a l t i t u d e s  j u s t  as a t  t h e  e a r t h  and 

f o r  which a reasonable model i s  c e r t a i n l y  easier t o  o b t a i n  than f o r  t h e  

f i e l d  g ) ,  t h e  AF a t  a l t i t u d e  show, as a f u n c t i o n  of l a t i t u d e ,  a r e l a t i v e l y  

slow v a r i a t i o n .  

are more complex than those  t h a t  w e  have used should, without  doubt, enable  

us  t o  o b t a i n  a reasonable approximation f o r  a reduct ion intended t o  provide 

knowledge of t h e  f i e l d  go ( p r o j e c t  POGO, f o r  example). 

4 

From t h i s  f a c t ,  models t h a t  are s t i l l  r e l a t i v e l y  simple' bu t  

This i s  p a r t i c u l a r l y  

so  f o r  models 

hemispheres. 

tems should 

t h a t  t ake  account of the f r equen t  dissymmetry between t h e  two 

I n  such a model, an e r r o r  made i n  t h e  r e a l  l a t i t u d e  of t h e  sys- 

have l i t t l e  in f luence .  

I n  t h e  case of p r o j e c t  M A G N 0 S ( ref .  5 )  f i g u r e  10  shows t h a t ,  a t  an 

a l t i t u d e  of  500 km, scanning some f20° or 30' of l a t i t u d e  should cause only a 

small v a r i a t i o n  i n  AF. 

F i n a l l y ,  a l a s t  remark can be made. Figure 11 shows t h a t  a t  t h e  l a t i t u d e  

of t h e  focus AF i s  p r a c t i c a l l y  t h e  same a t  t h e  e a r t h  and a t  200 km a l t i t u d e :  

t h e r e f o r e ,  rocke t s  should permit d e t e c t i o n  of t h e  c u r r e n t s  Sq on ly  by a com- 

p a r i s o n  between day f l i g h t s  and n igh t  f l i g h t s .  

'It could p o s s i b l y  s u f f i c e  t o  base them on an e s t ima te  of  t h e  AH observed a t  

Equa to r i a l  l a t i t u d e s  are 

t h e  e a r t h  a t  the  noon meridian. 
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obviously most f avorab le ;  bu t  t r o p i c a l  l a t i t u d e s  should s t i l l  be q u i t e  s u f f i c i e n t .  

I n  p a r t i c u l a r ,  t he  determinat ion of the a l t i t u d e  and th ickness  of t h e  l a y e r  /1-5 
should be made by observing the  a l t i t u d e  zone i n  which t h e  change of s i g n  AF 

occurs .  On both s i d e s  of t h i s  zone one should observe a cons tan t  AF s i n c e  t h e  

approximation of a l a y e r  of i n f i n i t e  width i s  being used. 
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